We present an approach to generate and evaluate different silvicultural development paths and to optimize the development of a Norway spruce stand, using a long-term planning horizon. To generate a silvicultural path, the maximum stand density was applied. At each thinning event, three possible thinning intensities (10, 20, 30% of the stem number per ha) were randomly chosen. A search algorithm known as modified Accelerated Simulated Annealing (mASA) was used to estimate the optimum combination of stand paths for a given forest as a whole. Production and economic management objectives were considered and then compared. The economic criterion was the Expected Stand Value (ESV) with a 4% discount rate. The generated data set of 38 Norway spruce stands (comprising a total of 123.8 ha) was used in the case study. The result with the best combination of paths was presented in a digitized forest map. Forest management simulation was performed using a specially developed computer program, for a planning horizon of 20 years. The mASA proved to be an effective search method for identifying optimum paths.
Introduction
A major challenge in forest management is integrating standlevel and forest-level objectives. A stand is a geographical unit within a forested landscape with defined boundaries and attributes. Neighboring stands may differ in species composition, stage of development, density and structure. Stand-level planning is concerned with the specification of development paths, i.e., a time series of silvicultural activities for a given stand. Forest-level planning determines the best combination of development paths in all stands, considering constraints and objectives for the enterprise or the forested landscape as a whole (Clutter et al. 1983 , von Gadow 1991 , Wikström 2000 . The objective of forest management is to ensure sustainability of the different forest functions and to implement the silvicultural and economic goals of the enterprise. An important prerequisite for achieving this objective is the ability to generate optimum paths, using suitable growth models and algorithms that mimic specific harvest operations described in terms of standard forestry terminology. Optimum forest management can be achieved only when sufficient and realistic stand-level paths are specified. Therefore, the process of generating paths is a crucial element in forest planning.
In forest management planning, spatial goals, such as adjacency restrictions, are combinatorial problems by nature. Thus as the problem size increases, the solution space also increases, but at a disproportionately greater rate (Lockwood and Moore 1993) . Mixed integer programming and integer programming techniques have been used to produce management plans with adjacency constraints, but these techniques have limitations, directly related to problem size, when applied to large combinatorial problems (Lockwood and Moore 1993) . The use of heuristic techniques for forest management planning is becoming more common. Many types of complex, nonlinear goals (e.g., spatial and temporal distribution of elk habitat, as described by Bettinger et al. 1997) , which have traditionally been considered too complex to solve with traditional optimization techniques, are now being considered. In recent years, heuristic programming techniques have been applied to traditional forest harvest scheduling problems (Hoganson and Rose 1984) as well as to forest transportation problems (Pulkki 1984 , Nelson and Brodie 1990 , Weintraub et al. 1994 , Murray and Church 1995 , wildlife conservation and management (Arthaud and Rose 1996 , Bettinger et al. 1997 , Haight and Travis 1997 , aquatic system management (Bettinger et al. 1998) , and the achievement of biological diversity goals (Kangas and Pukkala 1996) .
The method known as Simulated Annealing is one of the heuristic techniques commonly used in forest management planning. Nelson and Liu (1994) developed a Simulated Annealing algorithm for a 431-unit with adjacency constraints. They showed that their Simulated Annealing technique could generate superior solutions to a random start hill-climbing algorithm. Lockwood and Moore (1993) developed a Simulated Annealing algorithm to solve a tactical scheduling problem for a 6148-unit in northeastern Ontario (Canada). Dahlin and Sallnäs (1993) also used Simulated Annealing to solve planning problems with adjacency constraints in the sub-alpine region in Sweden.
The objective of this study is to present a method of generating silvicultural paths for a Norway spruce forest, and to apply a heuristic search method based on Simulated Annealing to identify an optimum path combination for the entire forest.
Materials and methods
Data from 38 Norway spruce stands at Winnefeld Süd in the Solling forest of northwestern Germany were used in this case study. Table 1 shows the initial data for each stand. The total forest area was 123.8 ha. To present the optimized forest management plan, a digitalized forest type map containing stand growth information was prepared with reference to a geographical information system (GIS).
Growth model
A basal area model developed by Vilèko and von Gadow (unpublished results) on the basis of studies by Schübeler (1997) , Gurjanov et al. (2000) and Sánchez Orois et al. (2001) was used to estimate mean stem diameter growth. To estimate the dominant height growth, a simple polymorphic height model (Sloboda 1971) Bergel (1973) was used to estimate stand volume. A maximum density function based on the stand density index (SDI) concept was used to estimate maximum stem number per ha as a thinning control function. The parameters of each model were fitted to the Norway spruce stand data set. These models were applied to estimate stand growth to the next thinning event ( Table 2 ).
The equations shown in Table 3 were used to estimate the change in stand parameters (the quadratic mean diameter at breast height (DBH) and mean height) after thinning. Parameters in both equations were estimated from the Norway spruce data set.
Thinning model
The basic rule of management in this study was to thin ahead of mortality. The thinning model is based on stand density (Seo et al., unpublished results). Three thinning intensities were randomly selected at each thinning event (10, 20, 30% of stem number per ha). The timing of a thinning event was defined by the maximum density. If the simulated stem number of a stand is close to or equal to the maximum stem number, the thinning will be carried out 1 year before, otherwise the stem number will remain constant until the next thinning event (Figure 1) . In this thinning model, the maximum stem number curve is an important factor for determining the time of a thinning event. Therefore, it was named the "Thinning Control Factor" (TCF). To apply additional thinning sequences, not only the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com A HEURISTIC ALGORITHM FOR LONG-TERM FOREST MANAGEMENT 931 Table 2 . Basic functions of the growth model used to estimated the change in stand parameters. Abbreviations: G 1 = basal area at present; G 2 = basal area at the next period; A 1 = stand age at present; A 2 = stand age at the next period; SI = site index; N 1 = stem number per hectare at present; N 2 = stem number per hectare at the next period; A 100 = reference year (Year 100); A = stand age at present; G = basal area; FZ = form factor; dg = quadratic mean diameter at breast height; N max = maximum stem number per hectare; and SDI max = maximum stand density index.
Model Functions
Basal area maximum stem number (100%), but also 90, 80, 70 and 60% of the maximum were used as TCF (Figure 2). Thus all the applicable paths for a stand can be calculated with Equation 1. Three kinds of thinning type (thinning from below, thinning from above and indifferent thinning) were applied, according to stand age. The thinning type was specified based on the NG index (Equation 2) (Staupendahl 1999, von Gadow and Hui 1999) :
where TI is the number of thinning intensities, nTCF is the number of thinning control factors, max is the maximum number of thinning frequencies, and min is the minimum number of thinning frequencies:
where N r and N t are removed and total stem number, respectively, and G r and G t are removed and total basal area, respectively. For example, a minimum of one and a maximum of 10 thinning events with five TCF curves will theoretically give 442,860 paths for one stand: 
Generating sivicultural paths
To generate silvicultural paths for each of the 38 stands, a computer program was developed in Visual Basic 6.0. Before the start of the generation process, all possible paths are initialized (Figure 3 ).
An important part of path generation is a plausibility test. The test is performed using two rules for all initialized paths. The first rule is a mortality preemption rule that states that a thinning event is invalid if the stem number has exceeded the maximum stem number curve. The second rule, known as the thinning event rule, eliminates all paths where the number of specified thinning events cannot take place within the specified time window. Only valid paths are selected and their objective function values calculated (Figure 4) . The last step of the generation involves the selection of the 10 best paths in each stand, according to the objective function values. This data set is used in the forest-wide optimization.
Objective function
Two objectives were applied in this study. The first was maximum volume production (Equation 4); the second was maximum Expected Stand Value (ESV) (Equation 5), representing the sum of net present value, stumpage value and land expectation value of each stand (Equation 6). To estimate the net present value in ESV, the so-called time-window method was used (Hille et al. 1999, Sánchez Orois and Vilèko 2002) :
where z 1 is the objective function value of the first objective, n is the number of stands, h i , j is the removed volume ha -1 at the ith thinning in stand j, F is the number of thinnings, T E,j is the volume ha -1 at the end of the planning period in stand j, and A j is the area of stand j (ha): where z 2 is the objective function value of the second objective, ESV t t j − 0 , is the expected stand value of stand j, t is stand age at the end of the planning period, t 0 is stand age at the beginning of the planning period, t i is stand age at thinning i, r is rate of interest, CF i is cash flow at thinning event i, SV t is stumpage value at the end of the planning period, LEV t is land expectation value at the end of the planning period.
The land expectation value of each path was assumed to be a constant, because the planning horizon is the same. Therefore, the expected stand value was calculated without the land expectation value. To calculate estimated cash flow, product prices and harvesting costs are based on mean stem diameter.
Constraint
There are many ways to specify harvest constraints. One possibility is to define a so-called even-flow constraint that is often used to ensure more or less equal harvest volumes over time. Sometimes it is desirable that the total harvest should increase from year to year, for example by at least p percent, which could be implemented using the following constraint:
where h ijt is the sum of the felling volumes (thinnings plus clearfelling) per ha at year t if alternative j ( jth treatment option on stand i ) is used and X ij is the corresponding area ( 
The task is to find the combination of final felling, thinning ages and thinning intensities in the different stands that maximizes the objective function value and satisfies the constraints.
Optimization method
Simulated Annealing (SA; Kirkpatrick et al. 1983, Lockwood 934 SEO, VILÈKO, SÁNCHEZ OROIS, KUNTH, SON AND VON GADOW TREE PHYSIOLOGY VOLUME 25, 2005 and Moore 1993, von Gadow 2002, 2003 ) is a heuristic search technique that is commonly used to solve spatial harvest scheduling problems. Boston and Bettinger (1999) Yoon and Cho (1996) . It is faster than standard SA and yet maintains the convergence property because it does not alter the basic SA structure. The main feature of ASA is that it increases the speed of convergence by making the size of the inner loop smaller than SA. This is made possible by checking if the Markov chain describing the evolution made in the inner loop of SA reaches the steady state by decreasing the temperature T only when the Markov chain is judged to reach the steady state. Of course, there are other considerations adapted to make ASA more efficient: the automatic initial temperature setting mechanism and careful stopping criteria to avoid an unnecessarily long wandering period at the final stage of the convergence. The ASA algorithm is given in Figure 5 .
The modified ASA (mASA, developed by the first author) is an improvement featuring an additional function. This function controls and tests the next solution (combination of paths), which is randomly selected to compare the objective values, so that when a particular combination has been randomly selected, it will not be selected again. As a result of this function, the whole processing time can be reduced by 50% (cf. Hajek 1988) .
To evaluate the mASA, a simple optimization was performed using 100 objective values and 100 iterations. The optimal solution was known. A practical way to evaluate the performance of a heuristic is to compare the results of a heuristic procedure with a known optimal solution. Heuristic tech-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com niques have the disadvantage that one cannot guarantee their performance; thus, there is no guarantee that an optimal solution will be found (Boston and Bettinger 1999) . Figure 6 shows the convergence between standard SA (a) and mASA (b) for the same problem. Using mASA, the optimal solution can be successfully and rapidly estimated with only 14 iterations, whereas using standard SA, the optimal solution was found after 78 iterations. Because the results of SA are not always close to the true optimum, more iterations are required to obtain the optimal solution near the global extreme. Numerous runs using mASA produced a similar result, indicating that the mASA algorithm is more efficient than standard SA. 
Optimization system
An optimization system based on mASA was developed. The estimated result of the optimization is saved in the Microsoft Excel format and also in a database format to link the process with a GIS database. The MapObject component was included in this system. This component offers the possibility that a shape file (digitized map) including attribute data of each polygon can be used by the system. This offers the possibility of presenting optimization results as a map that shows the spatial arrangement of the management activities in the different time periods (Figure 7) .
Results
A total of 609,948 paths were generated for the 38 Norway spruce stands, but only 380 paths (the 10 best paths in each stand × 38 stands) were used in the optimizing process. Table 4 shows the optimal combination of paths for the 38 Norway spruce stands and the objective function value, considering an even-flow constraint. The planning horizon was 20 years and the rate of interest was 4%. The total harvest volume was 27,017 m 3 and the total ESV was 450,429€. The selected TCF in the volume maximization was almost always 100%, which is to be expected because volume growth is higher at higher densities. In the ESV maximization, 100% of TCF was selected for most of the young stands, because the higher TCF suggests a later thinning time, producing more valuable harvested timber. In most of the mature and older stands, a lower TCF (60%) was generally selected because the yield differences between harvest events in older stands are small and earlier positive cash flows are preferable when the values of the cash flows are similar. Figure 8 presents a series of maps showing the result of the optimization; that is, the spatial arrangement of the management schedule for 20 years in accordance with the specified objectives.
Conclusions
We developed a method for generating all possible paths for one stand. Out of a great number of paths, only the best 10 were selected to participate in the optimization process, to reduce the otherwise prohibitive processing time. The difference in the objective function values between paths was rather small. The new search algorithm, known as mASA, proved to be superior to the standard SA. We conclude that mASA is useful when one needs to solve large forest management problems.
The application system can be used to generate a management plan for an entire forest enterprise, based on current stand attributes and specified objectives. A major advantage of the multiple paths approach is that any change in the current stand attributes or in the objectives can be easily implemented. Although all the other data and specifications remain as they have been defined, a new optimal plan can be produced almost instantaneously. This flexibility is an important advantage.
The optimal plan can be used to formulate practical operational schedules that can be changed easily as conditions change. Therefore, the concept of multiple paths is a suitable theoretical basis for designing the development of a forested landscape.
